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method or process disclosed in this report.
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R.W. Buckman, Jr.
and

R. C. Goodspeed

ABSTRACT

Evaluation of the bond integrity of explosively bonded refractory/austenitic bimetal
composites continued as five of the six diffusion annealing runs were completed. Inter-
diffusion zone thicknesses of the annealed specimens, as determined metallographically,
indicated that the composites could be grouped into three classes depending on the extent
of reaction. Specimens of the nine previously selected combinations were thermally cycled.
No indications of unbonding were observed. Room temperature tensile testing of specimens
which were thermally exposed for 1600 hours at 1500°F indicated that the heat treatment
resulted in appreciable decreases in strength and increases in elongation as compared to the
as-bonded condition. Creep rupture testing of bimetal composites in the as-bonded condition

was initiated.
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I.  INTRODUCTION

This is the third progress report covering the six month period from December 22,
1965 to June 22, 1966 under Contract NAS 3-7634, "Evaluation of Refractory/Austenitic
Bimetal Combinations". The objective of this program is to evaluate the compatibility of
various refractory/austenitic bimetal combinations after isothermal and cyclic thermal

exposure. The refractory/austenitic bimetal composites were fabricated by explosive bonding.

During this period, evaluation of the bond integrity of the explosively bonded
bimetal composites continued. Five of the six planned diffusion annealing runs were
completed and each of the bimetal composites was placed into one of three classes according
to the rate of growth of its interdiffusion zone. From these results nine diffusion specimens
have been tentatively selected, subject to final NASA approval, for further evaluation by
means of electron beam microprobe analyses. Specimens of the nine previously selected
bimetal combinations were thermally cycled, while five of the nine specimens which had
been thermally exposed (1600 hours at 1500°F) were tensile tested. Creep rupture testing of

bimetal composites in the as-bonded condition was also initiated.

I, PRUGKAM OIAITUD

A. STARTING MATERIAL

During the report period, the bimetal composite originally identified as Cb-1Zr/321
stainless steel was found instead to be Cb-1Zr/Inconel 600. Identification was made by
x-ray fluorescence, which indicated an approximate composition of 75%Ni, 15%Cr, 10%Fe,
and no Ti. This analysis was performed when the microstructure of the austenitic component
of the specimen that had been diffusion annealed for 1600 hours at 1400°F appeared to more
closely resemble Inconel 600 rather than 321 stainless steel. Soon afterwards, a piece of
Cb-1Zr/321 stainless steel composite was obtained from NASA, This material was not received
in time to conduct the full complement of tests. However, a thermal diffusion specimen
and several 1" by 8" strips were included in the 1500°F /1600 hour thermal exposure run, which

is scheduled for completion during the month of August.
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The microstructure, tensile properties, and hardness of the refractory materials
(Cb, FS-85, Ta, and T-222) used in the fabrication of the bimetal composites were evaluated.
The original Cb-1Zr material was not available for study. Figure 1 illustrates the micro-
structure of the four refractory materials, while mechanical property and hardness data are
recorded in Table 1. All starting materials were recrystallized before explosive bonding
with the exception of the tantalum which was stress relieved, which accounts for its compara-

tively high tensile strength and hardness and low ductility.

B. DIFFUSION ANNEALING

Five of the diffusion annealing treatments were completed. These anneals, accom-
plished in an ultra high vacuum of 10-8 torr maintained in all metal sealed, bakeable, sputter
ion pumped systems, consisted of 1600 hours at 1400, 1500, and 1600°F and 2700 hours at
1400 and 1600°F, Approximately 2000 hours had been accumulated on the 2700 hour/1500°F
run at the end of this report period. Figure 2 illustrates the typical appearance of a loaded

capsule at the conclusion of a diffusion annealing run.

Apparent in Figure 2 is a black deposit on the inside surface of the Vycor tube.
This type of deposit formed during all 5 anneals. Emission x-ray analyses of several of the
deposits indicated that they consisted of Mn with a trace of Cr. No inward transfer of Si
from the Vycor tube into the specimens annealed for 1600 hours at 1600°F was indicated by

spectrographic analyses of successive layers of the Ta foil in which the specimens were wrapped.

Each specimen from each run was carefully unwrapped and visually examined for
indications of unbonding. A small number of specimens were delaminated when unwrapped
or delaminated during handling. The combinations which delaminated during diffusion
annealing are identified in Table 2, No inconsistencies occurred in as much as if a composite
was delaminated after being annealed for a given time at a given temperature, it was also
delaminated after being annealed for longer times at the same temperature as well as after

annealing at higher temperatures.
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Ta T-222

FIGURE 1 - Microstructures of Refractory Materials Used to Manufacture
the Bimetal Composites 150X
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TABLE 1 - Mechanical Properties of Refractory Materials Used
for Fabrication of Bimetal Composites
Yield Strength
0. 2%

Composition| Upper Lower Offset | UTS Elongation | Hardness
(psi) (psi) (psi) (psi) (%) DPH
Cb —— -—- 13,100 | 24,900 44.5 73
- FS-85 73,400 | 68,300 —— 83,300} 30.5 194
Ta© --- --- 64,900 | 73,900| 14.0 159
T-222 -— -— 81,600 | 106,400 | 28.5 238

{(a) Ta dhast in tha wransht nlic ctrace raliaved ~AnAditian
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TABLE 2 - Delaminated Diffusion Annealed Refractory/Austenitic Bimetal Composites

Conditions Under Which Composites De|<:|mirlc::tedu

1600 Hours at 2700 Hours at
Composition|  1400°F 1500°F 1600°F |  1400°F 1500°F® 1600°F
Ta/347 Not Del.(N.D.)] Not Del.(0.15) | Del. Not Del.(0.04) | --- Del.
FS-85/347 |Not Del.(N.D.)| Not Del.(0.30) | Del. Not Del.(0.08) | --- Del.

d

Ta/Inc. 600| Not Del.(0.45) | Del. Del. Not Del.(0.70) | --- Del.
Ta/Hast. N | Del. Del. Del. Del. - Del.

(a) Del. - Delaminated

(b) Not completed to date

(c) Numbers in parentheses are thicknesses of interdiffusion zones (in mils) in
delaminated specimens. ND - None detected.

(d) Specimen delaminated along most of its length,
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Each diffusion specimen was weighed after annealing and the weight change was
determined. These data are recorded in Table 3 in the approximate order of decreasing
weight loss. Many of the minor inconsistencies are probably due to relative position of the
specimens within the various capsules. As expected from the composition of the deposits on
the Vycor tubes, bimetal specimens containing 321 and 347 stainless steel (1.6 and 1. 4% Mn
respectively) exhibited greater weight losses than the bimetal combinations having Hastelloy
N or Inconel 600 components (0.5 and 0. 1% Mn respectively). However, the bimetal
combinations containing either Hastelloy N or Inconel 600 exhibited a slight weight gain
after the 1600 hour exposure at 1500°F. The pressure during the exposure never went below
2x 10-8 torr and was approximately a decade higher than observed on the other diffusion
runs. Therefore it is possible that a slight leak may have developed during the test and thus
the refractory metal portion of the bimetal specimens could have been contaminated. Sections
of several of the specimens from this run are being analyzed for oxygen to determine the

extent of any contamination.

Each specimen was then metallographically examined to determine the effects of
time at temperature on the interface between the refractory and austenitic components. The

_e . B () ] ' P ) . e . "oe A " [ . . -~ e
NIV LIV Y M VYOO MUISI MW STHWTHD WIS 11TV 1) MMPCIHIVIA 1, HIEGIHIULE LVIIC 1HTIVATITSY

were measured from 400X photomicrographs and are listed in Table 4. Where ranges of inter-
face zone thickness are given in the table, systematic variation of thickness occurred with
position along the length of the bond interface (see Figure 3). The bimetal composites can
be conveniently separated into three classes based on the interdiffusion zone thickness. Class
| is comprised of bimetal composites containing Ta or T-222 and 321 or 347 stainless steels.
These composites have the lowest rate of interdiffusion zone growth. Class 111 is entirely
comprised of combinations having either Inconel 600 or Hastalloy N as their austenitic
component and represents the fastest rate of zone growth. Included in this class are Cb/Inconel
600, Ta/Inconel 600, FS-85/Inconel 600, Cb-1Zr/Inconel 600, and F5-85/Hastalloy N,

Those combinations having an intermediate rate of zone growth were grouped together into
Class Il. This class contains those combinations having Cb or a Cb alloy and 321 or 347

stainless steels and the T-222/Inconel 600 combination.
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TABLE 3 - Weight Loss Data for Diffusion Annealed Refractory/Austenitic Bimetal Composites

Weight Loss (Percent)
1600 Hours 2700 Hours
Composition 1400°F 1500°F  1600°F | 1400°F 1500°F  1600°F
FS-85/347 014 | .030 | .094 |.015 (b) . 088
Cb-1Zr/347 .011 027 | .o68 |.017 -- . 087
Cb/347 .008 | .025 | .051 |.020 - .079
Cb/321 ,014 | .023 | .050 |.009 ——- .072
F$-85/321 .006 | .053 | .048 |.013 - . 067
Ta/347 013 | .022 | .03 |.013 —-- . 063
T-222/347 006 | .020 |.o41 |.012 ——- . 055
Ta/321 007 |.019 |.033 .01 —- .053
T-222/321 009 | .020 |.031 |.015 --- . 050
Ta/Hast. N 007 | (.001% | .038 |.o008 ——- . 030
FS-85/Inc. 600 | .002 |(.012% | .025 |.004 ——- .019
FS-85/Hast. N | .006 |(.007%) | .027 |.004 -—- .016
Cb/Inc. 600 002 |(.006% | .028 |.009 - .015
Ta/Inc. 600 .012 | (.00%% | .025 |.006 - .017
T-222/Inc. 600 | .005 |(.002% | .023 |.005 - .016
Cb-1Zr/Inc. 6000 .004 |(.023% | .026 |.005 -—- .012

(a) Data represents weight gain.

(b) Test in progress.

NOTE: All specimens were 1/4" w x 1" | x 0.09" t
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Photomicrographs of the interdiffusion zones as a function of time and temperature are
shown for Cb/321 and Cb/347 (Class 1), Ta/321 (Class 1), and Cb-1Zr/Inconel 600 (Class 1),
in Figures 3 through 6 respectively. Only the austenitic component of each specimen is etched,
because the etch polishing procedure used for the refractory materials severely attacks the

austenitic component and much of the interdiffusion zone.

It is evident from the photomicrographs that the make-up of some of the zones is
quite complex. Occasionally they are composed of two or more phases, some of which may
have precipitated out during cooling from the diffusion annealing temperature. No attempt
has been made to identify these phases, although they are undoubtedly similar to those reported
by Mcuzzz)ione et al, for a Cb-1Zr/316 stainless steel couple(l);by Céc;ldschmidt for a Fe/Cb

couple*™, and by Birks and Seebold for a Cb/stainless steel couple™'. Such an analysis will
be made at a later date on nine selected specimens which will be studied by means ot an
electron beam microprobe analyzer. The position of the original boundaries within the inter-
diffusion zone widths is not precisely known. However, voids, when present, are always within
the austenitic material. Thus there appears to be a net diffusion of Ni, Cr, and Fe into the

refractory material.

According to classical diffusion theory, the depth of diffusion (X) is proportional to
the square root of both time (t) and diffusivity (D)

Xc\IE

and the log of diffusivity is proportional to the reciprocal of temperature (1/T)

log De 1/T.

Thus plots of X versus\,Tshould result in straight lines which pass through the origin. The
slopes of these lines should be proportional foJ_D . Plots of log (X2) versus 1/T should also

be straight lines.

10




1600 Hrs.

CLASS 11

1600 Hrs. 1600°F

FIGURE 3 - Interdiffusion Zone Between Cb/321 Stainless Steel
(Class Il Bimetal) After Indicated Exposure 400X
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1400°F 1600 Hrs. 1400°F 2700 Hrs.

-—Cb

CLASS 11

1600°F 1600 Hrs, 1600°F 2700 Hrs.

FIGURE 4 - Interdiffusion Zone Between Cb/347 Stainless Steel
(Class 1l Bimetal) After Indicated Exposure 400X
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CLASS |

1600 Hrs.

FIGURE 5 - Interdiffusion Zone Between Ta/321 Stainless Steel
(Class | Bimetal) After Indicated Exposure 400X
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~<+——1|nconel 600>

1400°F 2700 Hrs.

—Ch-1Zr

CLASS il

~——Inconel 600

Hoivonte 1600 Hrs.

1600°F 1600 Hrs. . 1600°F 2700 Hrs.

FIGURE 6 - Interdiffusion Zone Between Cb-1Zr/Inconel 600
(Class 1l Bimetal) After Indicated Exposure 400X
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While the measured thicknesses represent metallographically observable interdiffusion
zone thicknesses, rather than true diffusion depths, the metallographic data will be analytically
treated according to diffusion theory. Interdiffusion zone thickness is plotted as a function of
the square root of time for each annealing temperature in Figures 7 and 8. In Figure 7 the
average thickness for each of the three classes of compositions is plotted for temperatures of
1400 and 1600°F. Ranges of thickness are also included. As can be seen, the data can be
plotted as straight lines passing through the origin, as predicted. At 1400°F, the extent of
reaction of Classes | and Il are quite similar. However, at 1600°F, the extent of reaction of
Class 1l is considerably greater than that of Class . Figure 8 shows the data again for the 1400
and 1600°F diffusion anneals, for a number of actual bimetal combinations representing all
three classes. As in the previous figure, the limited number of data points are reasonably
approximated by straight lines passing through the origin. One consequence of this relation-
ship is that for any given composite combination the zone thickness formed after 2700 hours
at a given temperature is only about.30% greater than that formed after 1600 hours at the same

temperature. This minor difference is well illustrated in Figures 3 through 6.

The squ.are of the zone thickness (X) is plotted in Figure 9 as a function of 1/T for
conminztizns ropracantativa of tha three classes. Data for the Cb-1Zr/Inconel 600 is described
reasonably well by a straight line but the slope of the line definitely changes for the Ta/321
as the annealing temperature was lowered from 1500°F to 1400°F. This change in slope,
indicative of a change in diffusion mechanism is also shown in Figure 10, where the parabolic

*
reaction rate K(-g—:(vz—) is plotted as a function of 1/T.

The rate of growth of the interdiffusion zone between the austenitic and refractory bi-

QRT

metal composites is assumed to obey the Arrhenius rate equation K = Ae” where K is the
. .y =1 . . N

parabolic rate of zone growth, in-hr /2; A is a constant; Q is an activation energy cal/mol;

R is the appropriate gas constant and T is the temperature in °K. The rate of zone growth for

the bimetal couples Cb/321, Ta/321, T-222/347, and Cb/Inconel 600 is plotted as a function

* X is zone thickness and t is time in hours.

15
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FIGURE 7 - Average Interdiffusion Zone Thickness as Function of
Time and Temperature for the three Classes of Austenitic/
Refractory Bimetal Composites
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FIGURE 8 - Interdiffusion Zone Thickness as a Function of Time and
Temperature for Selected Austenitic/Refractory Bimetal

Composites
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of the inverse temperature in Figure 10. Also on Figure 10 is plotted the zone growth data

(4)

of Ferry and Page'  for 316-Cb determined for short times at highertemperatures. The rate of
zone growth for the Cb-321 and Cb-347 were essentially identical for the experimental
conditions investigated and agree very well with the data of Ferry and Page(4) indicating the
mechanism of interdiffusion between Cb and these three types of stainless steels is very similar.
However, the rate of interdiffusion between Ta and the stabilized stainless steels was signifi-
cantly less than for the columbium and as the annealing temperature was lowered to 1400°F,
the difference was greater. T-222, which contains hafnium, exhibited a lower rate of inter-
diffusion than the pure tantalum as no reaction zone was observed metallographically at 400X
after annealing 2700 hours at 1400°F. At 1600°F, the rate of zone growth between T-222
and the stainless steel was essentially the same as that between Cb and 321 at 1450°F. Sub-
stitution of Inconel 600 or Hastelloy N for the austenitic material resulted in a higher rate of
interdiffusion irrespective of the refractory metal component. From compositional considera-
tions, it appears that the nickel content may be the constituent which is exerting the greatest
influence in the diffusion kinetics (Inconel 600 and Hastelloy N contain 75% Ni vs. 10% Ni
for the 321 and 347 stainless steels). Electron microscopy techniques will be used to examine
the interdiffusion zone in conjunction with the electron microprobe analysis which will be
performed on selected specimens. The list of the specimens selected subject to final NASA

approval, is listed in Table 5. Each of the three classes is represented in this selection.

Microhardness traverses were taken on each of the diffusion annealed bimetal
composite specimens at distances of 1,2,3,5,10, and 20 mils from the interface into both the
refractory and austenitic stainless steel components. Where interdiffusion zones were present,
the measurements were taken at the same increments from the zone interfaces as observed
metallographically since the location of the original interface could not be precisely
ascertained. These data are presented in Table 6 along with the hardness data previously
obtained on the as-received composites. The changes in hardness for a particular composite
represent the net effect of a number of phenomena, which include thermal recovery during

annealing, grain size effects, and chemical concentration changes due to diffusion. A
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TABLE 5 - Diffusion Annealed Refractory/Austenitic Bimetal Composite Specimens
Tentatively Selected for Electron Beam Microprobe Analyses

1

l

Annealing Annealing Interdiffusion
Class | Composition Temgerafure Time Zone Thickness
(°F) (hrs.) (mils)
[ Ta/321 1500 1600 0.25
1600 1600 0.30
1600 2700 0.63
T-222/347 1600 1600 0.30
1600 2700 0.30
I Cb/321 1500 1600 0.31-0.70
Cb/347 1500 1600 0.30
Cb-1Zr/347 1600 1600 1.20
ti Cb-1Zr/Inc. 600 1500 1600 1.15
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TABLE 6 - Interdiffusion Zone Thickness and Knoop Hardness Traverse Data for Diffusion Annealed
Refractory/Austenitic Bimetal Composites
Knoop Hardness
Idf. Zone .
D .
Class and Thickness istance from Interface (mils)
Composition Condition (mils) Refractory Material Austenitic Material
20 10 5 3 2 1 1 2 3 5 10 20

Class }

T-222/321 As Bonded - 310 §351 {351 ) 385|381 | 390 | 468 | 447 | 387 | 409 | 324 | 274
1400 F/1600 Hrs. a 332 322 330 | 340 | 382 | 424 | 245 {242 | 226 | 215 | 209 | 204
1500 F/1600 Hrs. 0.20 374 1385 |407 | 417 | 430 | 438 | 235 | 227 | 234 | 221 | 227 | 206
1600°F/1600 Hrs. 0.15 332 | 374 | 361 | 417 | 420 | 367 | 189 | 201 | 195 [ 163 | 174 | 173
1400° F/2700 Hrs. a 289 313 | 342 | 348 | 361 1381 | 241 | 236 | 230 | 254 | 212 | 233
1500 F/2700 Hrs. -
1600°F/2700 Hrs. 0.15 345 | 368 [ 390 1 409 | 443 | 468 | 201 | 194 | 178 | 152 | 135 | 153

T-222/347 As Bonded -— 335 | 355 | 394 | 413 | 385 | 378 | 488 | 417 | 447 | 458 | 355 | 303
1400 F/1600 Hrs., 319 1349 | 324 | 346 | 377 | 349 | 203 | 212 | 218 | 196 | 189 | 182
1500 F/léOO Hrs. 0.15 368 | 307 [ 4251400 | 475 ) 434 1184 | 219 ] 204 | 215 ] 212 | 190
1600 F/1600 Hrs. 30 322 | 371 | 407 | 435 | 451 | 453 | 156 | 171 | 166 | 161} 169 | 163
1400 F/2700 Hrs. a 326 [ 335 {351 (342 {351 345 | 259 | 2191 205} 209} 176 | 219
1500 F/2700 Hrs. -—-
1600°F /2700 Hrs. 0.30 3151378 | 425} 413 | 409 | 374 129 | 159 ] 151 | 164 | 150 | 150

Ta/321 As Bonded —— 171 | 189 |207 [ 207 | 207 | 201 | 473 | 473 | 443 | 405 | 368 | 326
1400° F/1600 Hrs. 154 1163 [171{ 184} 180 | 186 188 | 186 196| 178 168 140
1500 F/\600 Hrs., 0.25 186 | 173 |176 | 180 | 191 | 185] 173 | 174 186 | 178 ] 177 { 176
1600°F/1600 Hrs. 0.30 128 [ 164 | 165 167 | 173 | 163 | 167 } 181 | 173 ] 156 | 143 | 140
1400 F/2700 Hrs. 0.04 155 [167 | 166 | 1761172 | 175) 187 [ 185 186 | 185 | 175 167
1500 F/2700 Hrs. --
1600°F/2700 Hrs. 0.63 162 | 162 | 168 ] 157 | 168 | 143 | 155} 182 | 145 127 | 138 | 134

Ta/347 As Bonded -—-
1400° F/1600 Hrs. a 168 1 171 | 160 | 1651 181 169 | 212} 209 | 218 190} 216 | 181
1500 F/1600 Hrs. 0.15 170 1 183 | 206 | 192 | 200 | 189 186 217 | 221 | 207§ 202| 205
1600°F/1600 Hrs. b
1400 F/2700 Hrs. 0.04 167 | 157 | 164 | 1721 177 1 179f 217 | 212| 217 ] 205 213 ] 197
1500 F/2700 Hrs. -—-
1600°F/2700 Hrs. b

Class H

Cb/321 As Bonded --- 108 { 125 | 116 128 133 138 421] 398| 381 | 409| 305| 293
1400 F/1600 Hrs. 0.17 83| 96| 97| 106] 111 108) 171 171} 174 166]) 165} 16}
1500 F/1600 Hrs. | 0.31-0.70| &5 98 | 107 | 120 107 | 106 | 135] 164 169| 156| 164| 150
1600°F/1600 Hrs. 1.20 90 | 110 ] 109 ] 116§ 1361 92] 1451 153] 155| 151} 151] 125
1400 F/2700 Hrs. | 0.16-0.31{ 804 93} 92| 96] 98| 96) 177} 1671 180| 173{ 191 165
1500 F/27OO Hrs. --
1600°F/2700 Hrs. 1.55 81 ] 881 106] 104 105, 98| 119} 133§ 133] 132} 144} N
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TABLE 6 - Interdiffusion Zone Thickness and Knoop Hordness Traverse Data for Diffusion Annealed
Refractory/Austenitic Bimetal Composites (Continued)
Knoop Hardness
Class and .:.:g;ki::: Distance from Interface (mils)
Composition Condition {mils) Refractory Material Austenitic Material
2 10 5 3 2 1 1 2 3 5 10 20
Cb/347 As Bonded --- 107 J 119 | 127 121 |120 |118 | 434 {458 [430 |394 336 |315
1400° F/|600 Hrs. 0.17 77 | 87 | 88 |103 (105 |10 {225 | 222 |229 |207 {195 |180
1500 F/1600 Hrs. 0.30 97 1107 | 114 | 107 (112 [117 {191 | 206 |205 |224 {217 |224
1600°F/1600 Hrs. 1.00 80| 89 [ 109 {118 [124 {113 | 159 {162 [169 |150 | 166 |150
1400 F/2700 Hrs. | 0.12-0.23| 87 ] 95| 113 [ 112 |115 113 | 201 [ 204 |206 210 | 196 |186
1500 F/2700 Hrs. -
1600°F /2700 Hrs. 1.25 83| 96 | 110§ 96 | 96 |106 | 139 | 151 }156 135 { 135 | 144
Cb-12Zr/347 As Bonded --- 150 1171 1167 § 171 |174 | 168 | 463 | 409 | 409 [425 | 364 |313
1400° F/1600 Hrs. a 123 1126 | 153 [ 167 {171 [ 175 | 219 | 222 229 [208 | 196 | 189
1500 F/1600 Hrs. 0.15 133 | 149 | 169 | 200 [202 {219 | 195 | 214 }222 [ 215 | 191 {194
1600 F/]600 Hrs. 1.20 102 | 126 | 156 | 190 |203 |211 [ 145 | 191 | 184 [ 188 | 176 | 166
1400° F/2700 Hrs. a 125 126 | 153 | 167 | 169 1180 | 219 | 217 | 219 | 205 | 217 {177
1500 F/2700 Hrs, ---
1600°F/2700 Hrs. 1.33 123 | 132 | 162 [ 183 | 201 {198 | 209 | 197 {140 ] 149 | 164 | 177
FS-85/321 As Bonded -—- 267 | 303 | 282 | 285 218 | 265 | 430 | 405 [3%0 {390 | 303 [ 318
1400 F/1600 Hrs. a 23212381 266|295 1292 [301 {178 | 191 [192 | 175 { 165 | 161
1500 F/lbOO Hrs. 0.55 240 | 247 | 294 | 347 | 353 | 344 | 156 1 176 [ 200 | 171 | 166 | 179
1600°F/1600 Hrs, 0.75 2221336 | 295 | 354 356 [ 341 ) 117 | 136 | 158 | 147 | 132 | 147
1400 F/2700 Hrs. 0.08 2361 229§ 259 | 274 278 | 267 | 177 | 178 | 180 | 166 | 162 | 153
1500 F/2700 Hrs. ---
1600°F /2700 Hrs. 1.40 231] 230 | 318 | 338 | 348 (368 145 | 174 | 147 1159 | 112 | 139
FS_as /247 Ac Bonded -—- 298| 293 | 305 271 [ 308 [ 326 | 413 | 390 {329 {329 | 271 | 2
1400 F/1600 Hrs. a 256} 257 | 286 | BUU | 310 | LYD | £LD | £3O | £39 | &4 | 177§ vrs
1500 F/l600 Hrs. 0.30 262 264 | 272 | 385 | 388 | 329 | 196 204 | 205 | 214 | 198 | 195
1600°F /1600 Hrs. b '
1400 F/ 2700 Hrs, 0.08 236 241 ) 278 282 | 285 | 276 | 189 ] 205 } 212 1 182} 189 | 173
1500 F/2700 Hrs. ---
1600°F/2700 Hs. b
T-222/\nc. 600 As Bonded -—- 2951 313 | 374 358 | 398 [ 358} 430 | 409 | 374 | 342 | 321 | 278
1400 F/1600 Hrs. c 2951334 | 361 344 | 353 | 382 178} 185 | 180 | 169 | 152 | 197
1500 F/'léOO Hrs. 0.65 309| 338 341 403 | 421 | 388 188 190 | 177 | 169| 169 | 186
1600°F /1600 Hrs. 1.30 312 330 361 374 1394 | 394 | 134 161 { 167 | 166| 180 { 179
1400 F/2700 Hrs. 0.12 3051 3361 336 361 | 390 | 364 192} 186 | 174 | 155{ 175 | 188
1500 F/2700 Hrs. -—
1600°F /2700 Hrs. 1.33 305} 335 | 326] 378 | 355|378 | 140} 143 | 157 | 157 164 | 176]
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TABLE 6 - Interdiffusion Zone Thickness and Knoop Hardness Traverse Data for Diffusion Annealed
Refractory/Austenitic Bimetal Composites (Continued)
Knoop Hardness
Idf. Zone Distance from Interface (mils)
Composition Condition Thickness Refractory Material Austenitic Material
{mils) 20 10 5 3 2 1 ] 2 3 5 10 20
Class Il
b/ Inc. 600 As Bonded e 1121118 11121119 1129 1126 {374 | 300 | 295 |313 | 295 | 236
1400° F/1600 Hrs. 0. 60 93| 83| 98| 105|108 | 109 [154 | 176 | 207 }165 ] 151 {161
1500 F/1600 Hrs. .20 92| 98 [ 111 1109 | 971 9Y | 164 | 158 § 159 {208 | 200 | 165
1600 F/1600 Hrs. 1.60 731 861102) 98] 100 92 1159 | 189 ) 201 | 178 | 161 | 156
1400° F/2700 Hrs. 0.86 78 81| 94 82| 77 76 | 111 | 136 | 144 | 153 | 149 | 145
1500 F/2700 Hrs. ——-
1600 F/2700 Hrs. 1.87 75 83| 100|100 | 80| 81 [168 | 124 | 166 | 154 | 151 [ 167
Ta/Inc. 600 As Bonded - 188 | 183 | 180 | 191 { 193 | 216 | 378 | 351 | 358 | 351 | 318 | 247
1400 F/1600 Hrs. 0. 45 175 165 | 170 | 167 | 178 { 179 (157 | 186 { 180 | 160 { 174 | 170
1500 F/‘éOO Hrs. 1.00 197 1182 1189 | 191 | 171 | 185 | 128 | 189 | 197 [ 166 | 175 | 200
1600°F/1600 Hrs.| b
1400° F/2700 Hrs. 0.70 130 | 143 | 128 | 153 | 160 | 153 [164 1 171 | 155 [ 152 | 132 | 139
15000F/2700 Hrs.|  ---
1600° F/2700 Hrs. b
FS-85/Inc. 600 As Bonded - 278 | 336 | 269 | 289 | 310 | 298 | 413 | 409 | 451 | 355 | 358 | 267
1400 F/'|600 Hrs. 0.50 256 1238 | 268 1 2711 282 | 282 {172 ] 191 | 192 | 1651 171 } 1&)
1500 F/] 600 Hrs. 1.35 250 | 258 | 270 | 301 | 294 | 353 } 183 | 169 | 174 | 175 | 176 | 170
1600 F/1600 Hrs. 2.00 227 {221 | 245 | 295 | 286 | 275 | 174 | 160 | 162 | 166 | 188 | 180
1400° F/2700 Hrs. 0.63 231 ) 24) | 247 | 269 | 265 | 267 1145} 192 ] 184 | 179 | 169 | 153
1500° F/2700 Hrs. ---
1600° F/2700 Hrs. 2.50 2251236 | 225 | 225 | 236 | 225 |176 | 170 | 178 | 176 | 161 | 157
Cb-1Zr/Inc. 600 As Bonded -—— 142 | 152 | 148 ] 153 | 164 | 154 1398 | 390 | 381 | 364 | 295 | 292
1400 F/1600 Hrs. 0. 50 127 | 135} 153 | 156 | 165 | 157 | 149 ] 164} 171 1 159 | 152 | 165
1500 F/1600 Hrs. 1.15 138 ) 153 [ 162 j 168 | 173 | 149 | 206 | 217 } 175 1178 ) 170 } 175
1600° F/1600 Hrs. 1.80 100 111|107 | 1331119 ] 112 | 138§ 166 | 169 | 170 | 154 | 170
1400° F/2700 Hrs. 0.78 1371 12311611 1551 158§ 158 | 144 | 157 | 164 | 185 | 157 | 168
1500°F/2700 Hrs.| === .
1600° F/2700 Hrs. 2.2 114 | 112|133 ] 93] 114} 120 | 171|146 | 148 | 178 ] 155 | 158
FS-85/Hast. N As Bonded -—- 2411271 | 280 ] 293 ] 313} 323 | 451 | 390§ 390 | 390 | 326 | 287
1400° F/1600 Hrs. 0.45 236 256 | 246 | 282 | 280 308 | 178 | 176 ] 195 | 178 | 173 | 195
1500 F/]600 Hrs. 0.50 262 266} 258 | 278 | 285 292 | 212 214 190 | 201 | 197 } 202
1600 F/1600 Hes. 1.30 207 } 2191258 | 292 302 | 322 | 127 ] 158 175 | 169 | 153 | 189
1400 F/2700 Hrs. 0.55 2451254 | 278} 278 | 274 305 [ 141 | 184 | 133 | 161§ 174 { 186
15000F/2700 Hs.
1600 F/2700 Hrs. 2.03 19312251221 | 212] 186|237 | 140 | 145 1 172 | 151 | 162 | 144
NOTES: (a) None detected

(b) Delaminated during exposure
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detailed interpretation of this data will not be attempted until electron microprobe results
become available. However, it was generally observed that the bulk hardness* of the austenitic
material was essentially recovered after the 1600 hours at 1400°F and little change was observed
after heating for longer times or at higher temperatures (see Figure 11). The hardness of the
columbium and tantalum was nbt raised significantly during the expilosive bonding process and
this increment of hardness increase was recovered in the columbium after 2700 hours at 1400°F
and 1600 hours at 1600°F. Since the tantalum was explosive bonded in the as-worked and
stress-relieved condition, a greater recovery in hardness was observed as the annealing tempera-

ture increased from 1400 to 1600°F.

C. THERMAL EXPOSURE

Tensile specimens of nine bimetal composite combinations were thermally exposed
for 1600 hours at 1500°F. After exposure the specimens were bowed, with the refractory
material on the outside. A discussion of the observed bowing is presented in the next section
of this report. All the specimens appeared sound with the exception of the Ta/Inconel 600
specimen which was almost entirely delaminated. At the request of the NASA contracting
officer, five of these specimens (Ta/321, F5S-85/321, Cb/Inconel 600, Cb-1Zr/Inconel 600,
and the delaminated Ta/Inconel 600) were tested in tension at room temperature without
being first straightened. Dye penetrant inspection of the four apparently sound specimens
prior to testing revealed no indications of delamination. These test results and the room tempera-
ture results obtained on the composites in the as-received condition are reviewed in Table 7.
The To/ Inconel 600 composite was delaminated along the entire gage length prior to fracture
although fracture occurred simultaneously in both components at the same point. The remain-
ing three composites (Ta/321, Cb/Inconel 600, and Cb-1Zr/Inconel 600) remained intact
during testing and the interface delaminated back from the fracture only approximately 1/8

inch. There was a general reduction in the strength level concomitant with the increase in

*The bulk hardness value was determined 20 mils from the interface and is assumed to represent
changes caused by shock hardening during bonding and subsequent recovery thereof.
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FIGURE 11 - Hardness Change in Refractory and Austenitic Components
after Annealing for Specified Time. (H0 is Hardness of
Material Prior to Explosive Bonding).
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ductility. The decrease in strength of the composites can be attributed primarily to the recovery

of the austenitic components. During explosive bonding, the higher rate of work hardening

austenitic stainless steels exhibited a significant increase in bulk hardness while the refractory

5 . .
metal components exhibited only a minor increase( ). As shown earlier, the austenitic components

has essentially recovered the annealed strength properties after 1600 hours at 1400°F.

D. THERMAL CYCLING

Several minor alterations were made to the thermal cycling apparatus to reduce the
time required for cooling the specimens (from 1350°F to 600°F) from the 90 seconds originally
required to 30 seconds. These alterations consisted of reducing the mass of the molybdenum
restraining fixture and repositioning the helium cooling jets. An oxygen gage, used to monitor
the quality of the helium gas, was also added to the system to complete the instrumentation.

Photographs of the restraining fixture and of the system are shown in Figures 12 and 13.

Checkout of the apparatus was completed and two 1 inch x 8 inch specimens of each
of the nine selected composites in the as-received condition were thermally cycled, 20 times
each. Each cycle, performed on three specimens simultaneously, consisted of heating from
600°F to 1350°F in 5 minutes, holding at temperature for 15 minutes, and cooling to 600°F in
approximately 30 seconds. Further details of the testing procedure and conditions are given

5)

in the Second Quarterly Progress Report The cycles were extremely uniform within each
run and from run to run. Time to cool from 1350°F to 600°F varied from 35 to 45 seconds, with
a maximum variation of 5 seconds for any one run. The axial temperature distribution over

the 8 inch long specimens at temperature was less than 30°F.

Upon release from the restraining fixture, the cycled specimens invariably bowed,
with the refractory material to the outside. The amount of bow, as defined by Figure 14,
was determined and the data are recorded in Table 8. Empirically the amount of bow appears
to be dependent upon the strength of the refractory metal component (i. e., the weaker the

refractory material, the less the amount of bow). The composition of the austenitic component
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FIGURE 13 - Thermal Cycling Test Rig
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e (/20 4" ———

(L) 8"

Flot Surface

Dimension A Defines the Bow

NOTE: Refractory metal portion on outside radius of curvature.

FIGURE 14 - Schematic View of Thermally Cycled Strip Showing Direction of Bow
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TABLE 8 - Amount of Bow(a) of Bimetal Composites Resulting from Thermal Cycling

Composition Specimen No. Bow(u)
(inches)
Cb/347 10-3 0.09
Cb/347 10-4 0.10
Cb/321 2-3 0.13
Cb/321 2-4 0.12
Cb/Inc. 600 5-3 0.12
Cb/Inc. 600 5-4 0.13
Cb-1Zr/Inc. 600 20-3 0.25
Cb-1Zr/Inc. 600 20-4 0.23
Cb-1Zr/347 8-3 0.25
Cb-1Zr/347 8-4 0.25
Ta/347 13-3 0.33
Ta/347 13-4 0.34
Ta/Inc. 600 | 12A-3 0.34
Ta/Inc. 600 12A-4 0.34
Ta/321 15-3 0.37
Ta/321 15-4 0.38
FS-85/321 11-7 0.57
FS-85/321 12-1 0.57

(a) Bow is defined by Figure 14.
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of the composite did not have any apparent effect on the amount of bow. An analysis of the
stresses occurring during the thermal cycling shows that it is indeed the strength of the
refractory component (at 1350°F) of a composite that determines the amount of bow. During
heat-up, the greater expansion coefficients of the austenitic materials (i. e., about 10 x ‘IO“6
in/in/oF versus about 4 x 10-6 in/in/oF for the refractory materials) tend to bow the specimens
with the austenitic material to the outside. The austenitic component plastically deforms in
compression during the time the specimens are at temperature because the restraint fixture
prevents any bending. The amount of this plastic deformation is proportional to the strength

of the refractory material. During cooldown, the greater thermal contraction of the austenitic
material reverses the stresses tending to bow the specimens in the opposite direction. It is

this state of stress which accounts for the observed bow when the specimens are released from
the fixture. No delaminating of the cycled specimens was observed during visual examination.

(However, a few very minor defects which were not present prior to testing were observed by

dye penetrant inspection.) These results are listed in Table 9.

Ultrasonic inspection for further indications of interface defects was performed on
the cycled specimens. The results of the ultrasonic resonance test (Vidigage), previously

(6)

vimad i ;r.f:\nnb tha Ac-received material

-——— - —

. indicated that much unbonding had occurred
during the severe thermal cycling. However, these results were not considered conclusive
as specimens which were reported to have interface separations were sound when sectioned
and examined mefollégraphically. The cycled specimens, as well as several other pieces of
bimetal composites known to have defective interfaces, were again ultrasonically inspected,
this time using a pulse echo technique. A type UM 715 Sperry Reflectoscope with a 20 MHz
3/8 inch diameter focused lithium sulfate transducer driven at 10 MHz was employed. Each
strip was placed under the transducer in an immersion tank with the 0. 030 inch refractory
metal side next to the transducer in order to provide the greatest displacement in the ultra-
sonic reflection pattern in the presence of any unbonded area. The water distance between

the transducer and each composite specimen was adjusted to produce the maximum successive
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TABLE 9 - Results of Dye Penetrant Inspection of As-Received Plus
As-Thermally Cycled Composite Specimens

Specimen

Composition No. Dye Penetrant Indications
Cb/321 2-3 1/4" Defect (1 end)
Cb/321 2-4 None
Cb/Inc. 600 5-3 None
Cb/Inc. 600 5-4 None
Cb-1Zr/347 8-3 1/8" Defect (2" from end)
Cb-12Zr/347 8-4 1/8" Defects (2" from end - both sides)
Cb/347 10-3@ 1/2" Defect (1 end)
Cb/347 10-4%@) 1/8" Defect (1 end)
FS-85/321 11-7 None
FS-85/321 12-1 1/8" Defect (1-1/2" from end)
Ta/lnc. 600 12A-3 None
Ta/lnc. 600 12A-4 None
Ta/347 13-3 1/4" Defect (both ends)
Ta/347 13-4 None
Ta/321 15-3 None
Ta/321 15-4 1/8" Defect (1 end)
Cb-1Zr/Inc. 600 20-3 None
Cb-1Zt/lInc. 600 20-4 1/8" Defect (1 end)

(a) Austenitic material cooled by helium gas.
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reflection pattern through the total 0. 090 inch specimen thickness. Testing was performed
by traversing each specimen over its entire length at 1/4 inch intervals. The differences in
indications of a sound bond and an unsound bond are illustrated in Figure 15. The horizontal
distance between peaks in Figure 15a represents the total thickness, while the much smaller
distance between peaks in the more erratic decay curve of Figure 15b represents the 30 mil
thick refractory component only. Metallographic examination of the pieces of bimetal
composites known to have unbonded areas verified the presence or absence of bonding as
indicated by the pulse echo technique. No unbonded areas were indicated in the thermally
cycled strips. Thus it is concluded that all of the cycled specimens capably withstood the
repeated severe thermal cycles, and that the few edge defects indicated by the dye penetrant

inspection were shallow.

These specimens will now be roll straightened and re-inspected for interface separa-

tion, prior to having tensile and stress-rupture specimens machined from them.

E. CREEP RUPTURE

Creen ruoture testina at 1350°F of the as-explosively bonded composites was initiated
during this period. The test results obtained are listed in Table 10. None of the composites
tested ruptured during the test, thus time to 1% elongation was used for comparison with rupture
data for type 321 and type 347 stainless steel (see Figure 16). From the data plotted in
Figure 16, it is apparent that the composite is stronger than the stainless steel component.
However creep is strongly affected by prior thermal-mechanical history as evidenced by the
lower rupture strength of the cold worked 347 stainless steel with respect to fully annealed

material as illustrated in Figure 16,

TABLE 10 - 1350°F Creep Rupture Properties of Refractory Austenitic Bimetal Composites

Stress Test Duration Total Time to
Composite (psi) (hours) Elongation 1% Strain
Ta/321 14,000 1,110 1.15 870
Cb-1Zr/347 11,000 1,007 0.17 ——
Cb/321 10,000 657 3.54 312
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FIGURE 15 - Appearance of Indications of Bonded and Unbonded Bimetal
Composites Using Pulse Echo Ultrasonic Technique
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The metallurgical condition of the as-bonded bimetal composites varies across the
thickness with the area near the interface highly deformed and the bulk hardness of each

(5). This bulk hardness

increase is indicative of a high percentage of cold work. One would expect therefore a

component significantly increased by the shock loading during bonding

significant decrease in the 321 and 347 rupture strength. The fact that this is not evidenced

shows that the creep strength of the composite has been significantly increased by the refractory

metal component.

The test specimens have a 1 inch gage length with a 0. 250 inch reduced section.
Creep tests are being conducted under conditions of ultra~high vacuum (<1 x 10-8 torr) ina
dead weight loaded sysfem(é). Distortion of the specimen during heating to test temperature
necessitates application of the load prior to the start of hec;f-up. Otherwise, the specimen
cannot be viewed optically and strain measurement is not possible. After establishment of
the creep-rupture behavior of the as-bonded material, several sefected thermally exposed and

thermally cycled specimens will be tested.

After test, the bimetal creep specimens are bowed with the refractory metal
component to the outside of the bow. The reasons are essentially the same as discussed

previously for the thermally cycled specimens.

iti.  FUTURE WORK

During the next period, the following will be accomplished:

1. The diffusion annealing work including data analysis will be completed.

2. The nine selected diffusion annealed specimens will be prepared for electron

beam microprobe analyses.

3. Evaluation of the thermally cycled as-received bimetal strips will be completed.
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4. The 1500°F, 1600 hour thermal exposure run will be completed and the specimens

will be inspected, straightened, and re-inspected.

5. The asthermally exposed tensile specimens will be tested and the 1 inch x 8 inch

strips will be thermally cycled, inspected, and tested.

6. Stress-rupture testing of bimetal composites in the as-received and thermally

exposed (1500°F, 1600 hours) conditions will be continued.

V.
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Metallographic Preparation of Refractory/Austenitic Bimetal Composites

The method for metallographically prepéring specimens of refractory/austenitic

bimetal composites is as follows:

Mechanical Polishing: All of the bimetal composite specimens, regardless of their

compositions, are polished in the same manner. Initially the specimens are mounted in
bakelite and ground on 120 through 600 grit silicon carbide papers. The scratches from the
last paper are then removed by polishing with 30, 15, and 6 micron diamond abrasives for
short times on Metcloth, using a few drops of lapping oil as a lubricant. The mechanical
polishing is then continued on Microcloth charged with a thick, hot slurry of Linde B alumina
abrasive and water. * This process, used for 6 minutes with heavy pressure and for 1 minute
with light pressure, polishes down below the scratches on the austenitic materials, while
leaving only slight scratching on the refractory materials. To complete the polish on the
refractory materials, the specimens are finally polished for 1 hour in a Syntron using a very

thin slurry of Linde B and water.

Etching: Etching of the different austenitic materials of the composite specimens must
be done with different etchants, which are listed below. Two etches are tisted tor inconeil ouu
as its etching characteristics appear to be sensitive to differences in its thermal history. How-

ever the first etch generally gives the best results and should be tried initially.

321 and 347 Stainless

Etchant - Glyceregid(30 ml HCI 50 ml glycerine, and 15 mil HNOs)
Procedure - Swab specimen for approximately 1~1/2 minutes. Etch no more than

3 specimens before renewing etchant.

* An appreciable quantity of Linde B is mixed in 250 ml of water and the mixture is heated
to boiling just prior to being applied to the Microcloth.
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Hastel Ioz N

Etchant - Nitol (7 ml HNO3 and 93 ml water)

Procedure - Electrolytically etch specimen for 5 to 10 seconds at 6 volts.

Inconel 600 -~ Procedure 1

Etchant - Glyceregia(30 ml HCI, 50 ml glycerine, and 15 ml HNO3)

Procedure - Swab specimen for approximately 1-1/2 minutes

Procedure 2

Etchant - 10 grams of oxalic acid in 90 ml of water

Procedure - Electrolytically etch specimen for 4 to 6 seconds at 6 volts.
Etching procedures are not given for the refractory components of the bimetal composites.

The etchants, both chemical and electrolytic, contain hydrofluoric acid and severely over

etch the austenitic components and much of the interdiffusion zones.
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